Introduction
Steel scrap is one of the main raw materials for producing iron and steel. However, recycled steel scrap is generally mixed or coated with Cu, which induces surface hot shortness in steel during hot-rolling or forging processes. Therefore, a practical process for the removal of Cu from steel scrap is required. Sulfide slagging of molten iron is considered as a promising method for removal of Cu on an industrial scale, and the development of this process using FeSNa2S fluxes has been attempted. 1, 2) The distribution ratio of Cu between the sulfide fluxes and the carbon-saturated iron melt (LCu) is an important parameter contributing to the process-efficiency and has been investigated mainly at 1 473 K and 1 673 K. 1, 2) As the dependence of the Cu distribution ratios on temperature was found to be insignificant, the slagging process should be operated at lower temperatures in order to suppress the erosion of ladle lining 3) and to decrease the energy consumption.
The activity coefficient of Cu in the carbon-saturated iron (Fe-Csatd.) alloy which is an important parameter to be considered while studying the removal of Cu in slagging reactions, has been investigated at various temperatures. 1, 2, [4] [5] [6] [7] However, there are limited data at temperatures close to the eutectic point of the Fe-C system (1 427 K). 8) Imai and Sano 1) determined the activity coefficient at 1 473 K, which is the lowest value reported thus far. However, this value reported by Imai and Sano is not sufficiently determined because the contribution of S to the activity coefficient of Cu in the Fe-Csatd. alloy was not considered in their study, and the maximum concentration of Cu was limited to 2.2 mol%, which is much smaller than the solubility of Cu (3.3 mol% ) in the Fe-Csatd. alloy.
Therefore, in the present study, we determined the activity coefficient of Cu in Fe-Csatd. alloys at 1 473 K for various Cu and S concentrations.
Experimental
The activity coefficient of Cu in Fe-Csatd. was determined from the distribution of Cu between Ag-Cu and Fe-Csatd.-Cu alloys with and without S addition. This method was chosen because of the immiscibility of these two alloys and the negligible solubility of C in the Ag-Cu alloy.
The Ag-Cu alloy was prepared by melting predetermined quantities of high-purity (99.99 mass%) Ag and Cu shots in an induction furnace. The Fe-C satd. alloy was prepared by melting electrolytic iron (purity: 99.99 mass%) in a graphite crucible at 1 473 K under an atmosphere of purified Ar for 3 h in a SiC electric resistance furnace. Two grams of prepared Ag-Cu alloy and two grams of prepared Fe-C satd. alloy were charged into a graphite crucible and kept at 1 473 K in a purified Ar atmosphere for 24 h which was predetermined to be sufficient for equilibration.
To determine the effect of S on the activity coefficient of Cu, 2 g each of the prepared Ag-6 mass%Cu and Fe-C satd. alloys were added along with preset amounts of FeS (purity >99 mass%) powder into a graphite crucible and maintained at 1 473 K under an atmosphere of purified Ar for 24 h. These conditions were predetermined to be sufficient for the equilibrium. The Ag-6 mass%Cu alloy was used because it allows the incorporation of only small amounts of Fe, resulting in the negligible contribution of Fe to the thermodynamic properties of the Ag-Cu alloy.
After equilibration, the crucible was quickly withdrawn from the furnace, and the two immiscible alloys were carefully separated. The amount of Cu and Ag in the two immiscible alloys and that of Fe in the Ag-Cu alloy were determined by inductively coupled plasma-atomic emission spectrometry. The carbon content in the Fe-Csatd. alloy and the amount of S in both alloys were analyzed by a LECO combustion analyzer.
At equilibrium, the activity of Cu in the two immiscible phases is identical, and the following relationships are established. Here, , , and represent the activity, the activity coefficient, and the mole fraction of Cu, respectively, in the i melt. According to Eq. (2), the value of is necessary to determine . Hultgren et al. 9) reported the thermodynamic properties of Ag-Cu alloy in the entire composition range. The activity coefficient of Cu at 1 473 K in Ag-Cu alloy can be expressed as Eq. (3). The contribution of S to the activity coefficient of Cu in the Ag-Cu alloy was disregarded due to the insufficient content of S.
Results and Discussion
The experimental results obtained when Fe-Csatd. and AgCu alloys were in equilibrium at 1 473 K are listed in Table  1 The activity coefficients of Cu in the Fe-Csatd.-Cu-(S) alloy, with reference to pure liquid Cu, were determined from Eqs. (1)- (3), and the values are summarized in Table 1 .
The activity coefficient of Cu in the Fe-Csatd.-Cu-S alloy can be expressed by Eqs. In the above equation, is the activity coefficient of Cu in the Fe-Csatd. alloy, is the activity coefficient of Cu in the Fe-Csatd. alloy in its infinitely dilute solution and and are the contributions of Cu and S, respectively, to the activity coefficient of Cu in the Fe-Csatd. alloy.
is the interaction parameter of component j on Cu in the Fe-Csatd. alloy, which includes the effect of changes in the C content for carbon saturation condition.
First, the self-interaction of Cu in the Fe-Csatd. alloy was evaluated from the results for samples (1-1)-(1-11) . Fig. 1 . These reported values agreed well with the results of the present study at low Cu concentrations (XCu < 0.01) but showed a significant difference at higher Cu concentrations.
The activity coefficient of Cu in Fe-Csatd. alloy in its infinitely dilute solution was found to take the value of 43 at 1 473 K, revealing a large positive deviation from ideality. The data on infinitely dilute solutions have been previously reported by Imai 6) and Yamaguchi et al., 7) and are summarized in Fig. 2 . A rough estimation of the values, with the assumption of regular solution behavior ( ), is represented by the plot in broken line in Fig. 2 , which agrees well with the reported values.
Next, the interaction of S on Cu in Fe-Csatd. alloy was evaluated from the results obtained from samples (1-12)-(1-17) by rearranging Eq. (4) to Eq. (7) as shown below.
.............. (7) The relationship between the left hand side of Eq. (7) and the S concentration of the Fe-Csatd. alloy, as expressed in Eq. (7), is shown in Fig. 3 . The increase in S concentration led to the decrease in the activity coefficient of Cu in the FeCsatd. alloy, which was disregarded by Imai and Sano.
1) The interaction parameter ( ) obtained by linear regression was found to take the value of -4.74.
in molten iron was reported as -2.35 at 1 873 K.
12) The attractive interaction of S on Cu in the Fe-Csatd. alloy is stronger than that in molten steel. The change in the activity coefficient of Cu in the FeCsatd. alloy by the sulfur addition can be expressed as the following equation, ........ (8) where the first and second terms of the right hand side of Eq. (8) correspond to the original Cu-S interaction and the contribution of change in the carbon content, respectively. Since the interaction between Cu and C, , is speculated to be repulsive from the positive value of the interaction parameter in molten iron (3.19 at 1 873 K 13) ) and is negative as seen in Table 1 , the change in the carbon content affects the attractive interaction. In addition, both activity coefficients of Cu and S in carbon saturated iron are larger than those in molten iron, resulting in relatively their larger interaction in carbon saturated iron. Hence, the stronger affinity between Cu and S in carbon saturated iron can be explained from the above two aspects.
Accordingly, the activity coefficient of Cu in the Fe-CCu-S alloy saturated with graphite was obtained as the following equation. 
Conclusions
The distribution of Cu between Ag-Cu and Fe-Csatd alloys with and without S addition at 1 473 K was investigated. The activity coefficient of Cu in the Fe-Csatd. alloy was determined as the following equation.
(0≤ XCu ≤0.033, 0≤ XS ≤0.018) 
